porins (AQPs) were originally identified as channels facilitating water transport across the plasma membrane. They have a pair of highly conserved signature sequences, asparagine-proline-alanine (NPA) boxes, to form a pore. However, some have little conserved amino acid sequences around the NPA boxes unclassifiable to two previous AQP subfamilies, classical AQPs and aquaglyceroporins. These will be called unorthodox AQPs in this review. Interestingly, these unorthodox AQPs have a highly conserved cysteine residue downstream of the second NPA box. AQPs also have a diversity of functions: some related to water transport such as fluid secretion, fluid absorption, and cell volume regulation, and the others not directly related to water transport such as cell adhesion, cell migration, cell proliferation, and cell differentiation. Some AQPs even permeate nonionic small molecules, ions, metals, and possibly gasses. AQP gene disruption studies have revealed their physiological roles: water transport in the kidney and exocrine glands, glycerol transport in fat metabolism and in skin moisture, and nutrient uptakes in plants. Furthermore, AQPs are also present at intracellular organelles, including tonoplasts, mitochondria, and the endoplasmic reticulum. This review focuses on the evolutionary aspects of AQPs from bacteria to humans in view of the structural and functional diversities of AQPs. water channel; classical aquaporin; aquaglyceroporin; unorthodox aquaporin; evolution THE DISCOVERY OF A SPECIALIZED water-permeating channel, aquaporin (AQP), has opened a new field of biological research (60). Over the past 15-20 years, there has been great progress in the understanding of the diverse roles of AQPs in our bodies in health and disease as well as in other organisms. AQPs have evolved mainly to facilitate permeation of small molecules, including water, solutes, and possibly gasses, and regulate several cell functions, including osmolarity, energy metabolism, migration, adhesion, proliferation, and differentiation (1, 9, 30, 31, 43, 95, 114, 116) . Intracellular water and solute transports between organelles may also be regulated by AQPs (21, 25, 67, 84, 86) . Accordingly, AQPs play an important role in physiology and pathophysiology of our bodies such as osmoregulation, lipid metabolism, organogenesis and regeneration, and vascular and cancer biologies
water channel; classical aquaporin; aquaglyceroporin; unorthodox aquaporin; evolution THE DISCOVERY OF A SPECIALIZED water-permeating channel, aquaporin (AQP), has opened a new field of biological research (60) . Over the past 15-20 years, there has been great progress in the understanding of the diverse roles of AQPs in our bodies in health and disease as well as in other organisms. AQPs have evolved mainly to facilitate permeation of small molecules, including water, solutes, and possibly gasses, and regulate several cell functions, including osmolarity, energy metabolism, migration, adhesion, proliferation, and differentiation (1, 9, 30, 31, 43, 95, 114, 116) . Intracellular water and solute transports between organelles may also be regulated by AQPs (21, 25, 67, 84, 86) . Accordingly, AQPs play an important role in physiology and pathophysiology of our bodies such as osmoregulation, lipid metabolism, organogenesis and regeneration, and vascular and cancer biologies (1, 18, 19, 29, 74, 116) . Because no specific AQP inhibitors are yet available, AQP knockout mice have revealed their physiological significance of AQPs. Surprisingly, relatively minor phenotypes have been observed in most AQP null mice (114) , suggesting that unidentified compensatory mechanisms may be present (128) .
Recent microarray techniques have enabled us to examine gene expression systematically in cells and organs expressing different arrays of genes under some stresses or diseases (4) .
Unexpected expression of AQPs has been identified in such studies. The following are a list of such studies using microarray technique, in which changes of AQP expression are identified. Expression profiling analyses in detached retina revealed AQP0 expression, which was regarded as lens specific (20) , suggesting its possible role in the retina. Gene expression profiles in three different mouse models of experimental colitis revealed a downregulation of AQP8 (109) . Vitamin D administration to vitamin D-deficient rats also decreased AQP8 expression in duodenal mucosa (62) . AQP10 was downregulated in the small intestine of cholera patients (23) . AQP5 was activated soon after the administration of estrogen in mouse uteri (61) . The administration of a thiazolidinedione used for the treatment of type 2 diabetes increased AQP9 expression in rat white adipose tissues (100) .
Although their importance is unclear in the above studies, all may well be a clue to identify new roles of AQPs. In fact, new substrates for AQPs were identified in plants with such studies. Under a boron-limited condition, an AQP was identified as an upregulated gene in the root, which functions as an influx channel for boron (104) . Another plant AQP was found through chromosomal mapping as a gene responsible for an inherited disease in rice with silicon deficiency (78) . Such reverse genetic approaches will lead to the discoveries of new and sometimes unexpected functions of AQPs.
Structurally, AQPs have six transmembrane domains with the NH 2 -and COOH-termini in the cytoplasm. The pore is made of two highly conserved short hydrophobic stretches of amino acid residues named asparagine-proline-alanine (NPA) boxes, which are the signature sequences for AQPs. With the progress of the genome projects, more and more AQP-like sequences have been identified on the basis of amino acid sequence similarities, especially around NPA boxes. They may belong to the AQP family although most of them have not yet been functionally characterized. Some have new primary structures with extra residues at the NH 2 -and/or COOH-termini (33, 126) or an alternative splicing (81) .
Three-dimensional (3D) structural analyses of AQPs have revealed a uniform structure: a tetramer with a pore in each subunit (19, 22, 117, 122) . Some AQPs have a larger pore to permeate glycerol and possibly urea (39) . Such structural studies may predict permeating substances and gating mechanisms by phosphorylation or interaction with NH 2 -terminal residues (22) . These 3D structural studies have also provided an unexpected putative function, cell adhesion by forming a junction between the plasma membrane by interacting with an opposing AQP molecule (99) . Such a nontransporting function of AQPs has increasingly been identified (19, 37, 106) . The physiological significance of this function, however, awaits further confirmation (129) . This review focuses on the possible evolutionary aspects of the AQP family. To this end, the diversities of AQPs in structure, function, and subcellular localization will first be overviewed.
A Diversity of AQP Structures
The AQP family was divided into two subfamilies based on the distinct primary sequences: classical AQPs and aquaglyceroporins (1, 12, 45) . Moreover, both seem to have specific functions: water channels and glycerol channels, respectively. The signature sequence for aquaglyceroporins will be the aspartic acid residue (D) in the second NPA box, which expands the pore to accept larger molecules such as glycerol (39) , while its absence indicates a classical AQP (Fig. 1) .
Genome projects, however, revealed the presence of AQPlike sequences without apparent NPA boxes highly conserved in most AQPs (14, 42, 46) . In plants, such AQPs are named SIPs (short intrinsic basic proteins). Recently, another such subfamily is identified in trees and named XIPs (uncategorized X intrinsic proteins), which are prevalent in fungi and plants, excluding monocots (14) . Although their NPA boxes are deviated, their overall sequences are similar to classical AQP, especially around the first NPA box (Fig. 1) . Interestingly, they have a highly conserved cysteine residue at the second NPA box, NPARC (Fig. 1 ). This cysteine residue will be a signature sequence for XIPs. The first NPA is more deviated although its upstream sequence is ISGGH, which is conserved in many AQPs. Thus both SIPs and XIPs will belong to classical AQPs. XIPs are also present in Dictyostelium discoideum with highly deviated second NPA boxes, NIA and NMA (Fig. 1) . Currently, XIPs seem to be absent in animals.
AQP-like sequences with deviated NPA boxes are also found in multicellular animals. The amino acid sequences upstream of the first NPA box are completely different from other AQPs. A phylogenetic tree in Fig. 2 indicates that they are distantly related members beyond SIP. Despite their lower homology with each other, they have a highly conserved cysteine residue at the downstream of the second NPA box, NPAxxxxxxxxC (Fig. 1 ). This cysteine residue will be a signature sequence for this subfamily, which will be functionally indispensable as its disruption in AQP11 gives a similar phenotype with AQP11 null mice (107) . In fact, this cysteine residue is also found in a fungi, Ustilago maydis, and bacteria, Chlorobium tepidum and parvum (Fig. 1) . However, their upstream sequences of the first NPA are highly similar to AQP1 and thus they are phylogenetically included as members of an aquaglyceriporin and classical AQPs, respectively. This third subfamily was previously referred to as "unorthodox AQPs" focusing on deviated NPA itself and unconventional functions, thus AQP6 and AQP8 are also included (95) . In this review, however, we use this name to indicate the primary structure only, i.e., highly deviated subgroups of AQP-like sequences with a conserved cysteine residue as indicated in the phylogenetic tree beyond SIP (Fig. 2) . The above half will be orthodox AQPs as used in the classification of zebrafish AQPs (112) . Although all unorthodox AQPs currently have a conserved cysteine, the identification of any deviated AQPs without this cysteine will make further subdivision of unorthodox AQPs necessary. Because unorthodox AQPs are highly deviated from both classical AQPs and aquaglyceroporins, it is difficult to construct a simulation model based on the known 3D structures of AQPs. Therefore, 3D structure analyses of unorthodox AQPs are necessary to understand the molecular and the pore structures of this family. The distributions of three families of AQPs from bacteria to humans are summarized in Table 1 .
A Diversity of AQP Functions
Several critical residues for permeable substrates through AQPs have been identified by mutagenesis and 3D analyses. However, there still are many controversies on the specific function of each AQP. As shown in Table 1 Functions of classical AQPs. The importance of water transport through classical AQPs is well documented in plants and animals. The absence of PIPs in roots, for example, inhibits plant growth by limiting water absorption, leading to a compensatory root growth (77) . The absence of AQP2 in mice and humans is a cause of diabetes insipidus (114) . The absence of AQP5 decreases salivary gland secretion in mice (114) . These results suggest that the role of classical AQPs is mainly water transport. Milder phenotypes in the absence of classical AQPs in mice and humans may indicate the presence of compensatory water transport by solute transporters such as urea transporters (128) .
Similarly, water transport through classical AQPs is important in single-cell organisms for the adaptation to a rapidly changing environment by facilitating water transport (105) . Aqy1, a classical AQP in yeast, Pichia pastoris, was shown to have a gating mechanism that is important for forming colonies following multiple freezing/thaw cycles (22) . This hypothesis, however, is controversial in that the absence of AqpZ, a classical AQP in bacteria, decreases the colony size (13) or does not decrease (103) , and the two classical AQPs in yeast, Saccharomyces cerevisiae, are dysfunctional with deletion or absence at the plasma membrane (63) .
Water transport may also regulate cell functions such as cell migration and proliferation through changing the cell volume. For example, AQP1 is expressed in the endothelium of tumor microcapillaries to enhance a rapid vascular proliferation in growing tumors (116) . The expression of AQPs was inducible in some tumors (18) and diseases (98) , which will be applied to anti-angiogenesis therapy for cancer (116) . AQP1 has also been shown to play an important role in chondrocyte migration and adhesion (69, 80) . The cell undergoing apoptosis decreases its size due to a rapid water movement out of the cell (51). Accordingly, hepatocellular carcinoma cells with low AQP8 expression have decreased resistance against apoptotic stimuli (50) . The result suggests that the induction of AQP expression will stimulate cancer cell death by apoptosis, which also can be applicable to cancer therapy.
Interestingly, classical AQPs also transport other substrates than water. NIPs in plants transport nutrients such as silicon and boron (78, 104) . AQP6 transports anions such as nitrate as well as water at least in in vitro conditions (40) . AQP8 also transports ammonia and free radicals such as H 2 O 2 (10), as is the case with TIPs in plants (16) . Big Brain (bib) of Drosophila was reported to be a cation channel (126) or not (106) without water channel activity, regulating endosomal pH (55) or mediating the cell adhesion (106) .
Some biological membranes have low permeabilities to ammonia and CO 2 gasses such as the plasma membrane of gastric parietal cells, cells in kidney thick ascending limbs of Henle's loop, colonic epithelia, and Xenopus oocytes (119) . Because the presence of unstirred layer may mask such gas transports, a study setting pH microelectrodes at the surface of Xenopus oocytes was conducted (85) , in which the expression of AQP1, -4, or -5 activated CO 2 and NH 3 transports. Therefore, some specialized pathways for ammonia and CO 2 gasses must be present in the plasma membrane. In fact, CO 2 gas permeation through classical AQPs in plants was demonstrated (108) , and tetramer composition studies further indicated that CO 2 -related transport processes in tobacco AQPs are different from that of water where monomer is a functional unit (88) . The CO 2 permeability of AQP1 in erythrocytes, however, seems to be small, since no significant phenotypes were observed in AQP1 null mice and humans (114) with minimal compensation by other CO 2 transporters such as RhAG (94) . Another gas, nitrate oxide at vascular endothelia (34) and germinating seeds (70) , and O 2 in the lung (17) may also be transported through classical AQPs. Obviously, further studies are required to prove their physiological importance.
Functions of aquaglyceroporins. Aquaglyceroporins seem to function primarily as a glycerol channel rather than a water channel. In fact, its prototypic glycerol channel, GlpF in Escherichia coli, transports little water, and the water permeability of aquaglyceroporins is generally lower than that of classical AQPs. The water transport through aquaglyceroporins is still important as revealed by polyuria in AQP3 null mice (114) and high expression of AQP9 in male reproductive organs (89). Interestingly, aquaglyceroporins also play a crucial role in metalloid homeostasis by transporting antimonite and arsenite (11) , which may be transported in ionic forms, although no ions have been shown to permeate aquaglyceroporins. Surprisingly, AQP9 transports much larger substrates such as lactate, purine, and pyrimidine (113) , and a 3D structure analysis of AQP9 suggested a larger pore size (117). Aquaglyceroporins also play a role in osmoregulation through the transport of glycerol. When suddenly exposed to a hypotonic environment, Fps1p in S. cerevisiae is important for the excretion of intracellular glycerol accumulated during hypertonic adaptation. It is also important for yeast mating, since its absence disturbed the cytosolic osmotic balance, leading to a decrease in mating efficiency (91) , although such was not observed in Schizosaccharomyces pombe, which has a single glycerol channel homolog with no facilitated glycerol transport (58) . In mammals, the osteoclast differentiation is accompanied by an increase in cell volume by forming multinucleated osteoclasts from mononuclear precursors in which higher AQP9 mRNA levels were observed in the osteoclast differentiation, specifically at the fusion process. Moreover, a nonspecific AQP9 inhibitor, phloretin, dramatically reduced the osteoclast size and the number of nuclei per osteoclast, suggesting the role of AQP9 in the cell fusion (3). A recent report using AQP9 null mice, however, showed an absence of bone phenotypes (72) .
Recently, aquaglyceroporins of both malarial parasites and host erythrocytes have been shown to be important for the absorption of nutrients. Glycerol in particular is an important substrate for lipid biosynthesis of malarial parasites in erythrocytes. AQP9 null mice with decreased glycerol transport at the plasma membrane of erythrocytes survived longer after the infection with Plasmodium berghei due to unfavorable growth of malaria parasites (71, 92) . Similar effect will be expected in humans whose erythrocytes express AQP3 instead of AQP9 (97) , although a recent study on AQP3 polymorphisms in the people tolerant to malaria revealed no genetic biases for the AQP3 gene (5) .
Because glycerol is produced by fat degradation and used for gluconeogenesis, its transport will also modulate fat and glucose metabolisms. AQP7 may play a major role (36, 121) that is highly expressed in adipose tissues (35) or at the capillary endothelial cell of adipose tissues (101) . In fact, AQP7 null mice became profoundly hypoglycemic during prolonged fasting due to impaired glycerol supply to the liver from the adipose tissue. Larger adipocytes were also noted, and the amount of intra-abdominal fat was increased in AQP7 null adult mice, which was only noticed after three months without obvious body weight changes (29, 35) , which, however, has not been observed in other AQP7 null mice with smaller pancreatic islet cells and enhanced insulin secretion (76) . Because AQP7 is also expressed at the brush-border membrane of the proximal tubule, AQP7 null mice lost glycerol in the urine (102), although there were no changes in blood glycerol levels and growth rates. Single nucleotide polymorphisms in AQP7 have been associated with obesity and type 2 diabetes (74) . AQP9 may also function as a glycerol channel to facilitate glycerol uptake in the liver. AQP9 null mice, however, had no apparent abnormalities with a slight increase of blood glycerol (96) . Because oral glycerol intake similarly increased blood glucose in normal and AQP9 null mice, the absence of AQP9 may be compensated by other glycerol transporters that are functionally known but not molecularly identified in the liver (118) . Because mice depend more on glycerol metabolism than humans, care must be taken in applying mouse data of AQP7 and AQP9 to humans.
Surprisingly, AQP3 has recently been shown to be important for skin regeneration and tumor progression (31). Initially, it was thought that the moisture of the skin was maintained by AQP3, which facilitates water transport across the plasma membrane at the basal layer of keratinocytes (15) . Further studies, however, revealed that the glycerol transport seems to be more important than water transport, since oral glycerol feeding reversed the dry skin caused by AQP3 defect (30) . The transport of glycerol through AQP3 has been shown to be critical for cell growth in skin repair and tumor growth in the skin presumably because glycerol is a fuel for cell proliferation (116) . Thus, overexposure to glycerol or increased AQP3 expression in the skin may stimulate the growth of basal skin cancer cells (115) . Because the recovery from colitis in AQP3 null mice was facilitated by oral administration of glycerol (111), the AQP3 expression in colonic epithelia may also be important for the growth. If it is the case, the overexpression of AQP3 in colon cancer cells may stimulate the tumor growth. Obviously, these issues should be critically examined in humans.
Functions of unorthodox AQPs. AQP11 was not regarded as an AQP because of its deviated NPA boxes and originally named AQPX1 (41) . Moreover, water and glycerol channel activities were absent in the Xenopus oocytes expressing AQP11 (26, 112) or difficult to study for its poor expression at the plasma membrane (47, 83) . However, a recent reconstruction vesicle study has clearly shown that AQP11 is indeed a water channel that transports water as efficient as AQP1 (123) . Therefore, AQP11 is definitely a member of the AQP family.
AQP11 is widely expressed in many cells such as proximal tubular cells, hepatocytes, intestinal epithelial cells, hippocampus, and Purkinje cells in the brain, salivary glands, and testicular spermatozoa (26, 64, 83, 107, 125) . However, AQP11 disruption affected only the kidney, leading to uremic death from polycystic kidneys (83) . Interestingly, before developing the cysts, proximal tubular cells accumulated huge intracellular vacuoles that have not been observed in other cystic kidney diseases. How can defective water transport inside the cell lead to vacuole formation as AQP11 is expressed intracellularly (26, 83) ? Currently, little is known about the movement of intracellular water. In fact, the primary cultured proximal tubular cells from AQP11 null mice had a defective endosomal pH regulation (83) that may be paralleled to the bib defect in fruit flies with cytoplasmic endosome accumulation (55) . Endosomal water channel will facilitate vesicular shrinkage (93) and may concentrate intravesicular H ions to lower the endosomal pH, leading to the fusion with late endosomes and lysosomes. The identification of intracellular AQP will be a clue to clarify the water movement in the cell and to study water transport in relation to the compartments of intracellular organelles, which can be linked to a wide range of cellular functions.
Although AQP11 is most abundantly expressed in the testis, the phenotypic analysis of the testis in AQP11 null mice was hampered by the premature death of renal failure due to polycystic kidneys. The accumulated expression of AQP11 in the residual bodies of the elongated spermatids, which are rich in granule and vesicles, was reported (125) . It is speculated that AQP11 may be important to eliminate these surplus intracellular organelles and their contents through phagocytosis and degradation by the Sertoli cell, which supports spermatogenesis with the clearance of apoptotic spermatogenic cells (125) .
A recent report on AQP12 null mice has shown that they suffer from acute pancreatitis more than wild mice because of a decreased capacity of exocytosis in pancreatic acinar cells (87) . Because AQP12 is also expressed inside the cell, vacuole sizes will be regulated by AQP12 water transport to swell and expel the vacuolar contents in pancreatic duct lumens. Similar roles will be expected for AQP11 in the salivary gland (64) . Such mechanisms for synaptic and exocrine secretion were previously speculated with classical AQPs (53) . In contrast to AQP11 working in endocytosis, AQP12 seems to be important for exocytosis. Further studies on these mechanisms, including other members of unorthodox AQPs, will be necessary.
Nonchannel functions of AQP. A nonchannel function such as cell adhesion has also been reported (19) . Some AQPs have been shown to be the target for pathogenic molecules. Neuromyelitis optica (NMO) is a rare inflammatory demyelinating disorder affecting optic nerves and spinal cords; the condition is prevalent in Asia and was previously regarded as a subtype of multiple sclerosis. The target antigen for the serum autoantibody in NMO patients has been identified as AQP4 (32, 52) . This autoantibody is not only useful for the diagnosis and monitoring of the disease but also for the selection of the treatment: immunosuppression first for the anti-AQP4 antibody-positive patients rather than interferon administration, since it worsens the symptoms. Pseudomonas aeruginosa cytotoxin was reported to bind to AQP1 (73) , which may be responsible for hemolysis in bacteremia as erythrocytes have AQP1 at the cell surface (Colton blood group antigen) (2). Recently, AQP1 was also identified as a novel placental target of polychlorinated biphenyls (PCBs), which significantly reduced the uterine AQP1 in interleukin-10 (IL-10)-deficient mice associated with defective spiral artery transformation, leading to increased amniotic fluid, intrauterine growth defect, and smaller fetal size with postnatal neuromuscular abnormalities (110) . The results will provide a new treatment for environmental toxicities for recombinant IL-10-reversed PCBinduced defects by increasing AQP1 expression.
A diversity of AQP Subcellular Localizations
Although most AQPs are localized at the plasma membrane, some have been shown to be present inside the cell. In plants, most TIPs are present at intracellular vacuoles, tonoplasts, and SIPs, and some NIPs have been shown to be localized at the endoplasmic reticulum (ER) (46, 75, 79) . Therefore, intracellular AQPs are not uncommon in plants. On the other hand, intracellular AQPs are relatively rare and not well characterized in animals. In insects, bib in Drosophila has been shown to be localized at the endosome to regulate the Notch signaling by modulating endosome maturation, trafficking, and acidification (55) . In animals, AQP8 and AQP9 were reported to be localized at mitochondria (21, 25, 67) . AQP1 and AQP6 were also shown to be localized inside the cells such as exocrine vesicles and synaptic vesicles, respectively (53) . These results, however, require further confirmation since different results have also been reported (124) . AQP10 was shown to be localized at intracellular vesicles of enterochromaffin cells in humans although its role in these cells is unclear (68) . AQP11 was reported to be localized inside the cell in the kidney, brain, and spermatids (26, 83, 125), whereas AQP12 was localized intracellularly in the pancreatic acinar cells (47, 87) .
What is the role of intracellular AQPs? Their physiological significance in water transport is debated, since intracellular organelles are so small that surface-to-volume ratios may be large enough to facilitate water movement in the absence of AQPs. The intracellular matrix around the organelles may inhibit rapid movement of water, especially in the cells where water is transported massively. In plants, very abundant AQPs (TIPs) are present at vacuoles (tonoplasts) (77) to transport water freely inside the cell. The absence of phenotypes in TIP null plants (8) may indicate that TIP is not essential for plants or that the other members of the TIP family may redundantly transport water across the tonoplast. Alternatively, because TIPs also transport ammonia and H 2 O 2 , they may be needed for decomposition, a breakdown of dead organisms, or storing substrates in the tonoplast (16) .
In animal cells, the roles of intracellular AQPs are not clear except for AQP11 whose disruption in mice produced a fatal kidney disease, polycystic kidney disease, and for AQP12 whose disruption slowed blocked exocytosis of pancreatic zymogen granules when maximally stimulated (83, 87) . In both systems, the volume regulation of intracellular vesicle is important under the background of a massive water movement. Possible roles of AQPs in intracellular water movement (86) and in the mitochondrial function, especially ammonia transport (25), were reviewed previously.
Intracellular localization of AQPs may be destined by primary sequences. The deviated NPA boxes may cause intracellular retention. The deletion of one or both NPA boxes resulted in defective plasma membrane targeting in AQP4 (27) , suggesting that AQPs with poorly conserved NPA boxes such as unorthodox AQPs may be retained inside the cell and function as intracellular AQPs. Such a double-deletion mutant of both NPA boxes in AQP1 still transported water as efficient as native AQP1 (54) . These surprising observations, however, will not fit the current results of 3D analyses of AQPs (24) . It is possible that unorthodox AQPs may form a different 3D structure with their deviated NPA boxes. Table 1 shows the distributions of classified AQPs from bacteria to humans into three families. From these distributions and functions, putative evolutionary pathways of AQPs will be speculated.
Evolutionary Aspects of AQPs
The first AQP may have originated in bacteria. For example, E. coli has two AQPs: AqpZ and GlpF, which may correspond to the ancestor forms of a classical AQP and an aquaglyceroporin, respectively. A recent mutational analysis of AQPs suggested that AQPs may have evolved in two steps: the initial formation of optimal NPA boxes preventing passage of inorganic cations and then the subsequent formation of a filter (ar/R) to shut off proton permeability (122) . The size of the filter will specify the spectrum of permeating substrates such as water, glycerol, urea, and ammonia. The first AQP may have a larger pore permitting the uptake of nutrients and release of waste products, which was most likely an aquaglyceroporin. Next, the loss of the signature D near the second NPA box and the shortening of the loop 3 may have converted aquaglyceroporins to classical AQPs that are now specialized for water transport. Unorthodox AQPs may be derived from classical AQPs for the purpose of intracellular water transport for animal cells that do not have TIPs, special to plants. Because unorthodox AQPs are absent in lower organisms and plants, it could have been obtained by horizontal gene transfer from cohabitating ancient bacteria because deviated NPA boxes may not adversely affect single-cell organisms and have been accumulated in their genomes.
Interestingly, not all bacteria have a set of classical AQPs and aquaglyceroporins. Genome projects revealed the absence of AQPs in many archaea like thermophilic archaea who live in the ocean near submarine volcanoes where water channels may not be necessary with higher water diffusion at high temperatures. An exceptional classical AQP, AqpM, from Methanothermobacter marburgensis has a wider pore structure to accept larger molecules (65) . On the other hand, the loss of aquaglyceroporins may have been caused by a parasitic life style of microorganisms in which nutrients are easily obtained. Interestingly, mycoplasma has a nearly minimal bacterial genome but keeps a classical AQP, which may still be important even in this slim organism. Alternatively, other channels may have compensated for the loss of AQPs. Interestingly, a recent 3D analysis of the formate transporter in bacteria revealed that it has a similar structure to AQPs although the primary structure is quite different (120) . It is possible that some transporters or channels other than AQPs may function as water and nutrient channels although the formate channel itself seems not to permeate water.
Because eukaryotes have evolved from symbiosis of prokaryotes, they could have inherited many AQPs from prokaryotes. The AQP gene numbers in protozoa, however, are diverse and may have changed by environmental factors (9) . Interestingly, Cryptosporisium parvum does not have any AQPs, probably because of its symbiotic life style. Other protozoa have a few AQPs: D. discoideum have five AQPs all belonging to classical AQPs while Trypanosoma brucei has only three aquaglyceroporins. Three pathogenic Trypanosomatidae (Leishmania major, T. cruzi, and T. brucei) have different families of AQPs that may reflect different nutrient uptakes to adapt to their environments rather than evolutionary restriction. On the other hand, P. falciparum has only one AQP, PfAQP, an aquaglyceroporin with little sequence variations (6) . In contrast, Toxoplasma gondii also has only one AQP, TgAQP, a classical AQP with a wide range of permeability (90) . Therefore, protozoa seem to have amended the function of each AQP family to adapt to their environment.
Caenorhabditis elegans is the first to have unorthodox AQPs with abundant aquaglyceroporins, 5 out of 11 AQPs (45%), suggesting that glycerol may be important for its osmoregulation and nutrion. Their functional studies, however, showed that not all aquaglyceroporins transport glycerol and, surprisingly, one is even water selective, while all three classical AQPs do not transport glycerol (38) . Two AQPs seem to have no transport activities, and the functions of three unorthodox AQPs were not examined. Moreover, the physiological roles of nematode AQPs are still unclear, since even multiple AQP knockouts up to quadruple AQP mutants revealed minimum abnormalities (38) . However, a recent report indicates that aqp-1, an aquaglyceroporin, is important for the longevity in a low-sugar diet, suggesting that AQPs may play a role in metabolism rather than water transport (66) . Because unorthodox AQPs have first appeared in nematodes and not in protozoa, unorthodox AQPs may have a role in cellular activities specific to multicellular animals such as cellular differentiation, apoptosis, organogenesis, mating, and intercellular communication.
The complexity of AQPs seems to decrease in insects. A fruit fly, D. melanogaster, has eight AQPs: seven classical AQPs and one unorthodox AQP that was not initially included as a member of the AQP family, since the first NPA is CPY (57) (Fig. 1) . The reason for fewer AQPs in insects may lie in the fact that insects are at a constant risk for dehydration as a result of their high surface area-to-volume ratio, which necessitates minimum water loss by limiting the number of AQPs as AQPs facilitate water efflux from the cell. Alternatively, the absence of aquaglyceroporins in sects simply should have decreased the number of AQPs. In fact, facilitated water loss from cells will be necessary for survival in extreme dryness: larvae of the sleeping chironomid can survive complete dehydration by entering anhydrobiosis in which water rapidly flows out of the larval body as accumulated trehalose prevents cell damage caused by dehydration. Rapid dehydration will be necessary to increase trehalose concentration to a steady state where water content is Ͻ3%, which is conducted by classical AQPs during the induction of anhydrobiosis (59) . Interestingly, one classical AQP identified from the silkworm larva, Bombyx mori, has been shown to increase glycerol and urea uptake similar to protozoan AQPs (56) . Because insects use trehalose for the osmolyte, glycerol may be necessary for protecting them from freezing. Overwintering freeze-tolerant larvae of Chilo suppressalis can survive in freezing temperature by accumulating glycerol and losing water through activation of AQPs to prevent freezing injury (49) . Recently, an AQP named RsAQP1 with a NPARD sequence at the second NPA box has been identified in a mite, Rhipicephalus sanguineus (7), which will be an aquaglyceroporin with the signature D although its function was reported to be water selective. Because mites are evolutionally earlier than insects, the ancestors of insects may have had aquaglyceroporins but lost them through the evolution with the acquisition of the glycerol transport function by classical AQPs. Conversely, because glycerol transporter may not be necessary in insects and mites, a remnant aquaglyceroporin in mites has been functionally converted to a waterselective AQP. Further search for aquaglyceroporins in insects and mites may reveal their possible horizontal gene transfers from bacterial aquaglyceroporins.
In contrast to animals, plants have developed unique sets of classical AQPs without aquaglyceroporins and unorthodox AQPs. Arabidopsis thaliana has 35 AQPs, which are further subdivided into four groups: PIPs, TIPs, NIPs, and SIPs (75, 77) . The absence of aquaglyceroporins in plants can be explained by functional conversion of classical AQPs to aquaglyceroporins as is the case with protozoa and insects. NIPs can transport small molecules other than water, such as glycerol, silicon, and boron (78, 104) , which are thought to be derived from bacteria by horizontal gene transfer (127) : symbiotic bacteria in the root may have had ancestors of NIPs for the uptake of nutrients and possibly for the efflux of metabolites and wastes. Some NIPs are expressed at the ER membrane, which may be reminiscent of previous intracellular symbiotic states (75, 79) . The absence of unorthodox AQPs in plants is intriguing and may be related to the presence of intracellular TIPs and SIPs, which may have made intracellular unorthodox AQPs redundant. Another subfamily of classical AQPs is identified in poplar trees, which is absent in A. thaliana. It is called XIP (14) . Similar to SIPs, XIPs have less conserved NPA boxes. Currently, no functional studies have yet been reported with XIPs. An aquaglyceroporin, GIP, found in a moss, Physcomitrella patens, functions as a glycerol channel that may have come from bacteria by a horizontal gene transfer (28) .
In vertebrates, all three families of AQPs are present. In humans, there are 13 AQPs in total: classical AQPs, AQP0, -1, -2, -4, -5, -6, and -8; aquaglyceroporins, AQP3, -7, -9, and -10; and unorthodox AQPs, AQP11 and -12. Although vertebrates have undergone two rounds of whole genome duplications, the total number of AQPs is relatively small compared with nematodes, which have 11 AQPs. Many might have been lost through the evolution as exemplified by AQP10, which has turned to a nonfunctional pseudogene in mice (82) . In fact, the numbers of aquaglyceroporins and unorthodox AQPs have been decreased in humans from nematodes. Although the zebrafish underwent another round of whole genome duplication, its AQP number is not twice as many as that of humans (112) . Interestingly, the orthologs of AQP2, AQP6, and AQP10 are missing in the chicken (48) . Further analyses of tissue distribution and hormonal regulation of each AQP ortholog in vertebrates will be useful to obtain an insight into the functions and roles of mammalian AQPs (44) .
Perspectives and Significance
Accumulating evidence indicates that pore selectivity of AQPs is more diversified than previously thought. Most results have been derived from the studies on classical AQPs and aquaglyceroporins. Because unorthodox AQPs have highly variable NPA boxes, they may have unusual pore structures. Little is known about the 3D structure and the function of this subfamily. With much more knowledge, the further grouping of unorthodox AQPs will be necessary as in the case with plant classical AQPs, which are now composed of five subfamilies.
Among diversified functions of AQPs, the structural basis of gas permeation through some classical AQPs will be intriguing, with potential application for construction of artificial gas channels. Possible stimulations of cell migration and proliferation by AQPs should also be substantiated to be applicable to developmental and cancer biologies.
Because AQPs play an important role in the adaptation of organisms to the environmental challenges, knowledge in lower lives will be applicable to plants and animals, and vice versa. Such interdisciplinary works as comparative physiology and endocrinology in particular should be encouraged and will be rewarding. For example, an aquaglyceroporin in nematode has been shown to be important for the longevity in a lowsugar diet (66) , which may be applicable to agriculture and even to medicine.
Although many studies have substantiated the importance of plasma membrane AQPs for the regulation of water and solute homeostasis, the significance of intracellular AQPs has been little appreciated with poor knowledge on water and solute transport between intracellular organelles. Intracellular AQPs will be expected to open a new research field.
Finally, still, no specific inhibitors against AQPs are available yet. The accumulating knowledge on 3D structures of AQPs will facilitate the search for these inhibitors. Obviously, the development of therapeutic drugs to modulate AQP function and expression is also needed, which will be applicable to agriculture and medicine.
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